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We propose simultaneous observation of surviving fragment nuclei (e,Li, . . . ) and the y-ray family
(y, e, N, m—+, . . . ) produced by the collision of an ultrahigh-energy cosmic-ray nucleus (10' —10'
eV/nucleus) with an air target in the stratosphere ( —10 g/cm ). We support the proposal with ex-
tensive Monte Carlo calculations, which are also relevant to analysis of other atmospheric cascade ex-
periments.
I. INTRODUCTION
Observations of primary cosmic rays in the high-energy
region 10' —10' eV at stratosphere level (a few )& 10
g/cm ) have become increasingly interesting and impor-
tant for both high-energy particle physics and high-energy
astrophysics. With this motivation, several balloon-borne
emulsion-chamber projects' were recently proposed,
which aim at extending the present flight-duration time
( —30 h/flight) by at least a factor of 7 to ~200 h/flight.
If flights of such long duration are realized annually, they
will bring us some information regarding the following
critical problems: (i) the nature of "exotic" fireballs with
a high temperature and a high energy density, a new state
of matter (so-called "quark-gluon plasma" ); (ii) the chemi-
cal composition of primary cosmic rays in the "shoulder"
region —10' eV/nucleus; and (iii) the relation between
the cosmic-ray anomaly observed at mountain level and
the strange matter of stellar origin recently pointed out by
several theorists.
On problem (i), it has been remarked, particularly
since about the early 1980s, in strong connection with the
success of QCD, that "exotic" fireballs, for example, in a
quark-gluon phase with an asymptotic free state, might be
found at a sufficiently high energy density ( + 1 GeV/fm )
and at a sufficiently high temperature ( ~ 200 MeV).
JACEE (Japanese-American Cooperative Emulsion Ex-
periment) is the first group which experimentally showed
signs of such a state (though statistics are not yet good
enough), indicating a phase transition from hadronic
matter to quark matter around the energy density ~ 1
GeV/fm .
The formation of such a state is considered to become
significant as the energy of the projectile nucleus goes
higher. Though the heavy-ion collider (10 TeV/nucleon)
is scheduled to begin operation about 1995, the cosmic-
ray beam is presently the only way of realizing such an
extreme condition in the energy region ~ 10
TeV/nucleon.
Problem (ii) is closely related to the origin and the ac-
celeration mechanism of cosmic rays in the Galaxy. Two
methods have long been adopted for investigating the
composition and energy spectra of primary cosmic rays.
One is the direct method, using a balloon and/or satellite,
and the other is the indirect method, using air-shower in-
formation obtained at mountain level, sea level, and un-
derground. The advantage of the former lies in its excel-
lent resolution in charge determination [AZ =+(1—2)]
realized by the recent development in plastic track detec-
tors, but it can reach an energy range of only 5 100
TeV/nucleus. On the other hand, the second method can
cover an energy region up to —10 eV, but it can give
only very poor primary-charge resolution.
At present, there seems to exist some disagreement on
the composition and the energy spectra of primaries
among individual groups who use different methods. For
instance, there exists a sharp discrepancy between the Gri-
gorov (satellite) and JACEE (balloon) groups on the pro-
ton flux in the energy region 5 —100 TeV, and the extrapo-
lation of iron flux by JACEE seems to fall somewhat
lower than the estimation based on extensive-air-shower
(EAS) data.
Some theorists' believe that the fraction of protons in
primaries may begin to decrease around 10' —10' eV,
while that of heavy nuclei such as iron becomes dominant
at that point, because of the smaller Larmor radii of the
latter. It is therefore strongly desirable for high-energy
astrophysics to obtain firm observational data on chemical
composition, particularly in the region 10' —10'
eV/nucleus.
On problem (iii), the Japan-Brasil Emulsion Chamber
Collaboration has been reporting the signals of "exotic"
events, among which the first Centauro event was particu-
larly impressive. Now we are waiting anxiously for Fer-
milab Tevatron to clarify soon whether o. not they can be
artifcially produced. If it gives a positive answer, the
study of "exotic" events might be handed over to the ac-
celerator which can make free use of controllable particle
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beams of tremendous intensity.
On the other hand, if it gives a negative answer, we
must delve further into the question of why such events
cannot be reproduced. The Japan-Brasil Emulsion
Chamber Collaboration members have carefully checked
the reliability of their raw data on ordinary multiple pro-
duction, particularly p~ distribution, rapidity distribution,
and so on, through comparison with those obtained at
CERN ISR and CERN SPS, and found that they agree
surprisingly well with each other both in shape and abso-
lute value. Therefore, we cannot say straightforwardly
that cosmic-ray "exotic" events are all due to careless
mismeasurement or misinterpretation.
One plausible explanation" is that an ultrahigh-energy
nucleus-nucleus collision, instead of proton-nucleus,
creates "exotic" matter, different from the usual hadronic
one and it might have a genetic nature, i.e., a parent of
"exotic" matter might be "exotic" itself.
It is interesting to remark on such an anomaly in con-
nection with recent theoretical studies ' on high-
strangeness matter formation in a neutron star, where an
asymptotically free-quark-gluon phase might easily be
formed. If such matter is contained among the primary
cosmic rays, one may observe an interaction producing
copious kaons.
Now, we find a serious problem inherent in the direct-
observation method of cosmic-ray events in the energy re-
gion 10' eV. That is, it is hard to measure emission
angles of secondary particles produced locally inside the
chamber because they are extremely small in such an en-
ergy region; this makes energy determination of primary
events terribly difficult.
In this paper, we propose to turn our attention to the
y-ray air family produced by collision between a primary
cosmic ray and the atmospheric nuclei. In this way, we
make full use of the atmosphere as both a target and
spacer, so that secondary particles are well separated at
the detector. This should overcome the difhculty men-
tioned above. In addition, one should recall that the p-
ray air family is excellently "pure" without cascade degra-
dation and successive nuclear interactions because of rare
atmosphere.
We illustrate the observable components of an event in
Fig. 1, where one sees that observable components expect-
ed from the proposed type of emulsion-chamber experi-
ments at —10 g/cm are wonderfully fruitful: i.e., y-ray
bundle, charged-pion (-kaon) bundle, nucleon bundle, a
bundle, and survival fragment nucleus.
In order to see the quality of such observation, we have
performed a simulation calculation, focusing on the fol-
lowing three points: (i) energy determination of heavy pri-
mary events, (ii) fragment-height determination of heavy
primary events, and (iii) determination of primary chemi-
cal composition. As yet, many calculations' of shower
phenomena in the atmosphere have been performed.
Most of them have aimed at investigating the cosmic-ray
shower phenomena observed at mountain level, sea level,
and underground. On the other hand, this work is fo-
cused on the behavior of cosmic-ray particles at the
stratospheric level, where the treatment of nuclear frag-
mentation processes must be done carefully since frag-
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FIG. 1. Schematic view of cosmic-ray nucleus fragment in the
stratosphere.
ments, such as o. , Li, and so on, frequently survive at the
detector.
In Sec. II we present somewhat in detail the elementary
processes necessary for simulation and in Sec. III we
show how the three above-mentioned problems are solved,
where an idea proposed about 20 years ago by Koshiba
et al. ' is reexamined and applied. In Sec. IV we present
the Aux values of various cosmic-ray components expected
at the stratospheric level and Sec. V is reserved for discus-
sions and for the future prospects of the cosmic-ray obser-
vation in the stratosphere.
II. ELEMENTARY PROCESS FOR SIMULATION
CALCULATION
To perform the simulation calculation of a y-ray air
family induced by heavy cosmic-ray primaries at the stra-
tospheric level, we need information on the following
three elementary processes: (i) the nucleus-nucleus in-
teraction, (ii) the hadron-nucleus interaction, and (iii) the
electromagnetic interaction.
In the above three processes, the most unambiguous
one is (iii), and (ii) has also become defined even in the
high-energy region 10' —10' eV as SPS and Tevatron
data have become available. The first process, on the oth-
er hand, - is unfortunately not so clear, particularly in the
high-energy region 10' —10' eV/nucleus. Recently, how-
ever, information about the first process has increased
considerably as the data from both cosmic-ray ( —1
TeV/nucleon)5 and machine ( —100 GeV/nucleon) experi-
ments' become abundant.
In the following, we summarize the above three pro-
cesses, and show how samplings are done.
A. Nucleus-nucleus interaction
1. Cross section
Bradt and Peters' proposed a simple form of cross sec-
tion for nucleus-nucleus interaction, expressed by
cr~~ =rrro (A ' +B' —g), ro=1.29 fm,
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where 3, 8 are atomic weights of projectile and target nu-
clei, respectively, and g is a overlapping function defined
b 1'7
0: P.S. Freier and C.J.Waddington
g = l. 189 exp[ —0.0545 min( A, B )] . (2) 0 1.0
A, „„„=(460g/cm )/(A ' +2.437 —g) (3)
Though we have no experimental confirmation for Eq.
(1) in the energy region 10' —10' eV/nucleus, it is re-
markably in agreement with data obtained by the recent
LB2 Bevalac (2 GeV/nucleon) and JACEE ( —100
GeV/nucleon) experiments. '
The interaction mean free path in the case of the air
target is thus given by
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FIG. 3. Production rate of a for projectile Z against air tar-
get.
In the stratosphere, we might observe the survival frag-
ment nucleus 3' simultaneously with the y-ray family,
produced by a process
3 +air target~ 3'+anything, (4)
so that we need the fragmentation probability P(air; A, A ')
against various combinations of A and A ' ( A ) A ').
Recently, Tsao, Silberberg, and Letaw' found an
empirical formula of the fragmentation probability that
reproduced experimental data of both machine and heavy
cosmic-ray beams quite well. In this paper, we save the
fragmentation probability P(air; A, A ') for all possible
combinations of 2 and 3 ' in DISK with use of their pa-
rametrization. In Fig. 2, we present an example of the
fragmentation probability of iron against air target, to-
gether with experimental data. '
3. Production rate of a
Freier and Waddington systematically investigated the
production rate of o. in the energy region —1
GeV/nucleon with the use of emulsion data obtained by
balloon-borne experiments. They selected events that oc-
curred on an airlike target in nuclear emulsion for various
projectile heavy primaries.
Let us show their results in Fig. 3. Though the number
distribution of produced a is not definite in the high-
energy region, we assume it is expressed by a Poisson
function with the average (,N ) in Fig. 3. In Fig. 4 we
present the number distribution of a thus obtained for the
process Fe+CHO~1V ++anything, together with exper-
imental data. '
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FIG. 2. Fragmentation probability of iron against air target
obtained by Silberberg's formula (histogram). Energies of experi-
mental data are + 20 GeV/nucleon (JACEE), 1.88 GeV/nucleon
(Westfall et al. ), and 2 GeV/nucleon (McCusker).
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FIG. 4. Number distribution of produced u.
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4. Ratio of wounded nucleons to evaporated nucleons
In the nucleus-nucleus collision, some of the constitu-
ent nucleons in the projectile will be produced through
the evaporation process with transverse momentum —100
MeV/c, while the other will be produced through nuclear
interactions with recoil momentum —700 MeV/c, called
"wounded" nucleons. The feature of these nucleons de-
pends strongly on the magnitude of the impact parameter,
i.e., on the model of nucleus-nucleus interaction. In this
paper, however, we distribute constituent nucleons into
the above two so as to be consistent with experimental
data obtained by the JACEE group. In doing so, we
found that the following simple function for evaporated
nucleons leads to a consistent result:
f(g)dg=2$ dg with (=N„,v/(A —A' 4N )—,
where N and N„,„denote numbers of o; and evaporated
nucleons, respectively. The wounded-nucleon number N
is then given by N„, = 2 —3' —4N —N„,~. In Fig. 5 we
demonstrate the distribution of the wounded-nucleon
number produced by iron collision with CNO, together
with the JACEE data. Our result reproduces experimen-
tal data much more satisfactorily than that expected from
the Glauber model.
Here o. is related to both 3 and 3':
tr~=oo~A'(A —A')/(A —1), o'o —90 MeV/c . (7)
B. Hadron-nucleus interaction
It is well known that only energetic particles produced
by a nucleon-nucleus interaction play an essential role for
the cosmic-ray diffusion problem in the atmosphere. So,
we regard the air target as a nucleon when we perform a
random sampling of secondary particles.
Inelastic cross section
Hillas found a simple form for an inelastic cross sec-
tion on the basis of machine data, which is expressed by
o ~~;„,I= 32.2[1+0.0273@+0.01@ 0(e)] mb
with e= ltl(Ep/200 GeV) . (8)
Here Eo is the laboratory energy of the projectile nucleon
and 9(e) is the step function. In the case of Ir Nand K-N-
collision, the constant 32.2 is replaced by 20.3 and 17.5,
respectively.
The interaction mean free path for air target is given by
5. Momentum distribution offragment nucleus
A.~ „„=760[oxx;,.I] g/cm (9)
g(Pf )dP/= exp( P/ /2o )—d P//4Iro (6)
Goldhaber proposed a model with minimal correla-
tions among nucleon momenta which reproduced experi-
mental data nicely. The distribution function is expressed
as
2. Single-particle inclusive distribution (nucleon)
Taylor et al. introduced a radial scaling variable x(=E*/E*,„)which is approximately equal to the familiar
Feynman variable in the energy region of interest here,
~ 100 TeV, and found the following forms of the distribu-
tion function:
Ng d'o- ~0
dp .„„(1+pT/mo ) (10a)
10.
I
I
I
I
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\
\
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-----: Gtaubey
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FIG. 5. Distribution of wounded-nucleon number for
Fe+ CHO.
FIG. 6. Elasticity distribution expected from the formula of
Taylor et al.
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].0 a =2.39, b =1.604, c =0.592 . (14)
a o 0 0 0 q q 0
E =Bp(1 —x)' .0
dP pT. fix
(lob)
Here 3p, mp, and v depend on x, while Bp and ~ depend
on pT. These parameters are dependent on the type of
secondary particles, which is determined by performing a
minimum 7 fitting on the accelerator data and which is
summarized in the form of numerical tables for each type
of secondary particle in Ref. 25.
In Fig. 6 we show the x~ distribution (elasticity) thus
obtained, where ISR data are plotted together.
After determining x~, we can obtain the recoil trans-
verse momentum PT~ of the nucleon with the use of Eq.
(10a) for a fixed x~. ((Pr~ })' depends weakly on x~
as presented in Fig. 7.
3. Multiplicity of secondary particles
As presented above, we have already set the energy
fraction of the residual nucleon x~, so that the fractional
available energy Xp (equal to inelasticity) is given by
1 —x~.
The latest SPS data gives an average multiplicity as
n =a+bin&'s +c ln v's,
a =1.97, 6 =0.42, c =0.592, (1 lb)
with s in GeV, which reproduces accelerator data quite
well over a wide energy region &s =10—540 GeV. So,
since the available energy is given by Xp&s, we suppose
that the average multiplicity for axed available energy is
expressed by
n (Xp }=a + b inX p &s +c ln Xp &s (12)
A
~1* 0.2.
CL
Q. ~
I I
0 o.s 1
FIG. 7. Correlation between average transverse momentum of
recoil nucleon ((Pry ) )' and x~ expected from the formula of
Taylor et al.
The important fact revealed by SPS is that the familiar
Koba-Nielsen-Olesen (KNO} scaling is significantly bro-
ken in the region &s —100 GeV, indicating that high-
multiplicity events are much more predominant than
those expected at ISR energy. According to the UA5
group, the multiplicity distribution is expressed nicely
by the negative-binomial form
r„;, n/k (15a)1+nlkP(n, n)=
—=a+P ines with ct= —0.098 and P=0.0282 .1
k
(15b)
Similarly, as in the case of &(Xp), we introduce a pa-
rameter
—=a+@lnXp&s, a =ct+P and P=P, (16)
4. Single-particle inclusiUe distribution (m. ,K)
After performing the sampling of multiplicity n, we
must determine the energy fractions x1,x2, . . . , x„of in-
dividual particles, where we have a strict condition:
x] +x2+ +xn Xp (17)
16, D2
o: !SR
o SPS
which leads to Eq. (15b) by integrating with respect to Xp.
Finally, we perform a sampling of multiplicity n for Jinxed
Xp with the use of the distribution equation (15a) after re-
placing n and k by n and k, respectively.
In Fig. 8 we show the relation between the dispersion
of the multiplicity D2 [=((n ) —(n ) )' ] and &s thus
obtained, together with machine data, where one clearly
sees deviation from the line expected from KNO scaling,
particularly in the higher-energy region ~ 100 GeV.
On the K/~ ratio, the UA5 group reports 5.2:32.3, as
compared to 1.45:13.2 at ISR, indicating a slow increase.
In this paper, however, we fix it at the SPS data, irrespec-
tive of interaction energy, and determine the number of
kaons with the use of a binomial distribution.
where a, b, and c are determined so as to obtain 12. X: our simulation
dXpg Xp O' Xp —n .
0
(13)
8.
Here, g is the inelasticity distribution function, which is
obtained from Eq. (10). The integration is, however, per-
formed here by assuming a uniform g distribution for the
sake of simplicity. We then immediately obtain the rela-
tions
0
@0
gQ
o~
CXI
P
12
K NO scaling
20 24 28 32
a=a+&,
leading to
b =b+2c, c =c,
FICx. 8. Correlation between dispersion of the multiplicity D2
and &s.
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Superposing x; all together for each event with n and
Xo, it must coincide with the single-particle inclusive dis-
tribution Eq. (10b) after summing up over pT. Crenerally,
however, we cannot apply straightforwardly Eq. (10b) for
the sampling of x;, because of the restriction Eq. (17). In
the present paper we introduce variables X;
(i = 1,2, . . . , n ) defined by
L;
~
—x+L; with X„=O, (18)
and perform a random sampling on L; instead of x; with
the use of a sampling function G(X), which is derived so
as to be consistent kinematically with the inclusive data
(see Appendix A).
In Fig. 9 we demonstrate the single-particle inclusive
distribution thus obtained, where ISR data are plotted
together. Once we obtain x; (i = 1,2, . . . , n ) as shown
above, we can determine pr; with the use of Eq. (10a) for
fixed x;.
h(tp, t)=hp 1 nt /pt with hp=6. 38 km (19)
where the scale height ho is nearly constant in the level
t 5200 g/cm .
The formula of multiple scattering in such nonhomo-
geneous media is easily derived, as presented in Appendix
B:
Electrons produced by such processes suffer multiple
Coulomb scattering by air nuclei ~ In the case of a uni-
form material, the formula is expressed as a Gaussian
type. On the other hand, we must carefully treat its pro-
cess at the stratospheric level, since electrons have a long
path length at such a rare atmosphere, and even a small
change of air density brings significant effects to the la-
teral displacement.
In accordance with the data by NACA, the relation
between the air density t and the geometrical height h
from the level to is expressed by
C. Electromagnetic interaction
y rays originating in the decay of the vr meson
penetrate the atmosphere with electromagnetic cascade
processes. In this paper we use the complete screening
cross section derived by Bethe and Heitler for such pro-
cesses.
„dn
dx
P(r, 8)= exp[ —p~(a r —2b r.9+c 0 ) ]
~ho
with —=ac b, (20)—1
M
where a, b, and c are summarized in Appendix B.
Since the distributions of r and 0 are not mutually in-
dependent, we must do their sampling carefully, taking
into account the correlations. To do so, we applied a
transformation of the principal axis for r and 0 as present-
ed in Ref. 29.
10
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(our simulation)
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FIR. 9. Single-particle inclusive distribution of (~++~ j/2
obtained by the present simulation calculation.
FICs. 10. Typical example of air family expected at 20-g/cm'
level, originated in iron primary ~ith energy of 519
TeV/nucleus: 0, nucleon; 0, o, ; ~, carbon; +, 77.—,K; &(, y.
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III. QUALITY OF SIMULTANEOUS
OBSERVATIONS OF NUCLEUS FRAGMENTS
AND y-RAY AIR FAMILY
AT THE STRATOSPHERE LEVEL
of the average value & kz ) is not reliable for each jet. On
the other hand, we expect that it will be reduced satisfac-
torily by superposing individual nucleon jets detected all
together:
Before going to the detailed analysis of simulation cal-
culation, let us show a typical example of air family ob-
served at 20 g/cm in Fig. 10, which is induced by an
iron primary event with 519 TeV/nucleus. One will find
that two a's and a survival fragmented carbon are associ-
ated together in an evaporated-nucleon cluster, while
secondaries (~, K, and wounded nucleons) are distributed
around the outer region.
A. Energy determination of heavy primary
Koshiba et al. ' proposed an idea called the "mean
Castagnoli method" about 20 years ago in order to deter-
mine the primary energy for multiple production caused
by nucleus-nucleus interaction. Their idea is because the
temperature of evaporated nucleons is —10 MeV, nucleon
beams produced are well collimated and monoenergetic.
Thus, if we superpose individual jet showers caused by
such nucleons, the familiar Castagnoli method will give a
good estimate of constituent nucleon energy.
Now, we can apply their idea for our observation as
demonstrated in Fig. 1. Let us consider a case where nu-
cleon bundles originating in the evaporation process arrive
directly at the emulsion chamber, and I nucleons among
them interact with the target in the chamber, which will
easily be detected on high-sensitivity x-ray film (detection
threshold energy being -0.5 TeV for Fuji 200 type) as
the dark spot. Putting the inelasticity and the energy flow
for each nucleon jet released into the y-ray component as
ky; and eyir respectively, we have
(22)
103-
102 I
(D
-z
io' I
PP I l1BP f PrdPT I C(
I PON
t =2O g/cm2
X
x
X
X
X
Y XXXX X
Y
NUCLEON BUNDLE
Y X X
where &ez) z denotes the average energy Row converted
into y rays for each jet and & kz ) is the average inelastici-
ty of y rays with —1/6 in the case of no detection bias.
We get &kr ) =0.24 from the present simulation, which
depends generally on the power of the primary spectrum,
the threshold energy of detection, and so on.
One may worry that the identification of such a nucleon
cluster is not so straightforward, but secondary particles
as well as wounded nucleons might be mixed together.
So, let us show the contamination rate of such contribu-
tions in the nucleon jet cluster in Fig. 11. One finds that
~yi EN &yi r (21)
where EN is the energy of each nucleon in bundles. As is
well known, the fluctuation of ky is somewhat large, so
that the energy E~ estimated from Eq. (21) with the use
1Q3
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103
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FICx. 11. Contamination rate of ~—(K) and wounded nucleon
in a nucleon jet cluster at various observation levels.
(TeV )
FICx. 12. Correlation between the estimated nucleon energy
E~ and the true one E~ at (a) 20 g/cm and (b) 50 g/cm .
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it is well within —15% for t 5 30 g/cm .
Once identifying such a cluster, we can estimate the pri-
mary energy with the use of Eq. (22). In Fig. 12, we
present the correlation between the energy E~ thus ob-
tained and the true one E~, where we select only events
with m )4 and er, & 1 TeV, and we set (kr ) =0.24. One
sees that the dispersion is not so large even if secondaries
other than evaporated nucleons are contaminated in a
cluster. The dispersion is of the magnitude
2o. =0.15—0.20, satisfactory enough for our purpose.
m m
Hf —EN g r 1 / g PT/ EN ( rN ) /(PTf )
i =1 i =1
(24)
where Hf is the geometrical height of fragmentation above
the detector, r; is the lateral distance of each nucleon jet
from the geometrical center of the cluster, and P~ is the
transverse momentum. Similarly, as in the case of k,„PT
is considerably fluctuated, probably in accordance with
the distribution given by Eq. (6). So, superposing Eq. (23)
for individual nucleon jets in order to reduce such a fluc-
tuation, we get
B. Fragmentation-height determination of heavy primary
We have a geometrical relation for each nucleon jet in a
cluster:
—o. =88 MeV/c .4
and we have, from Eq. (6),
' 1/2
&~„)=-f {25)
r; E~ —Hf Pz;,
10'—
1 Q3
PRIMARY P I=(R T I (I L E
I RON
t =20 g/cm2
(a)
~ „»»@Illrxx»g
x
X
x
x
K XX
(23) Let us show the correlation between E~(r,v ) and the
true height Hf for various observation levels in Fig. 13.
The minimum detection energy of each nucleon jet is
fixed at 1 TeV. One sees that the simulation points lie
around a straight line of 45', well within our allowance.
We can check independently the fragment height Hf
from the information of y rays distributed in the outer re-
gion, if associated. That is, since most y rays originate in
the ~ ~2y process, we shall find several y-ray pairs of w
giving the same production height within the error of en-
ergy determination of a cascade shower ( —10%), which is
obtained by the kinematical relation
x
X
m oc
) 1/2
(26)
Q2 )-
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where E~1 and E~2 are the energies of each y-ray partner,
m o is the mass of ~ meson, and r12 is the relative dis-
tance between the two. So we can confirm whether or not
the fragment height estimated from the spread of nucleon
jet cluster is reliable.
C. Determination of primary composition
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FIG. 13. Correlation between E~(r~) and the true fragment
height Hf at (a) 20 g/cm and (b) 50 g/cm .
For a persuasive study of cosmic-ray origin and its ac-
celeration mechanism, it will be necessary to identify at
least the following five groups among primaries: {a) pro-
ton (Z =1); (b) a (Z=2); (c) CNO (Z=6—8); (d) Mg
group (Z = 12—16); (e) Fe group (Z =24—26).
First, we demonstrate the altitude variation of family
size Nb„„d1, in Fig. 14, defined by
Nbund1e =N~ +Ne +Ntt) +Nevap+4Nu + ~
for the above five primaries with an energy of 1000
TeV/nucleus.
Figure 14 tells us that we do not need to consider the
air families due to proton and a primaries at the —10
g/cm level. Even if such families are caught in the detec-
tor, they will be easily distinguished from those due to
heavier primaries because of a lack of associated nucleon
bundles. So, most components of the proton and a will
be found directly in the detector, which is natural since
their interaction mean free paths are —70 and —40
g/cm, respectively.
Now, the problem is how to identify individual heavier
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FIG. 14. Altitude variation of family size Nb„„d~„ initiated by
various cosmic-ray primaries with a fixed energy of 1000
TeV/nucleus. Minimum cut energy for each constituent particle
in family is set to 1 TeV. 5 cm
0 X
primaries (c)—(e). One may think that the lateral spread
of the air family caused by iron is much wider than those
by carbon, so that the discrimination between the two will
easily be done. In fact, this is true on the a Uerage, and we
show typical examples of the two in Figs. 15(a) (iron pri-
mary) and 15(b) (carbon primary), where one sees the
spread of the former is certainly wider than that of the
latter. It is, however, dangerous to conclude the same for
individual families. Let us show such examples in Figs.
16(a) and 16(b) (both are iron primaries), where one sees
that the spread is of the same order as that originated in
carbon [see Fig. 15(b)]. Looking carefully, however, in
the core region, one will find that the nature of the central
part is quite different from that in the case of the carbon
primary; i.e., there is a survival-fragment nucleus [Fig.
1 6(a)] and four a [Fig. 16(b)].
Let us now give a more quantitative discussion. We
have of course a relation Eo —AE~, where Eo is the total
energy of the primary nucleus with a mass number A and
the constituent nucleon energy Ez . The total radiated en-
ergy of the family g Eb„„di, detected in the chamber is
expressed as
(&)
Eo = 1314 TeV
carbon pri mary
(a ) Eo = 1845 TeV
5cm
Q~ o0
va nal i um
X
(b) Eo = 78E
FIG. 1 5. Examples of air families originated in (a) iron and
(b) carbon observed at 20 g/cm . Marks of individual constitu-
ent particles are the same as Fig. 10.
Q Ebundie = Q Ey, e + g E'~, X
+(N,„.,+4N + A')( e )„y, (27)
'5cm
0
0
where A ' is the mass number of the survival fragmented
nucleus, g Ey, is the energy sum of individual y's and
electrons, and g E"'~ that of rr , kaon, and the wounded—
nucleon released into y's. Since the energy loss due to
cascade degradation as well as to successive nuclear in-
teractions is negligible at the stratosphere level, we expect
g Eb„„dh ~ Eo = AE~
0 0
0
FIG. 16. Examples of air family originated in iron at 20
g/cm . Marks of individual constituent particles are the same as
Fig. 10.
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indicating that if we plot g Eb»d~, against E~, we may
get an estimate of primary mass A.
In Figs. 17(a)—17(d), we demonstrate the above correla-
tion for three cases of primaries (carbon, silicon, and iron)
at 20 and 50 g/cm, where we set the average spread of
the nucleon-jet cluster at 0—0.5 cm and 0.5 —1 cm, respec-
tively. Then we can estimate the individual nuclear mass
numbers with considerable resolution through the scatter
plot g Eb„„d~, and E~ If, .in addition, we use informa-
tion on the lateral spread of the air family, the precision
in the determination of the above quantities may become
much better.
IV FLUX VALUES OF VARIOUS COMPONENTS
EXPECTED IN THE STRATOSPHERE
It is not so difficult for us to distinguish between elec-
tromagnetic components (y, e) and hadronic ones
(rr ,K,N—,a, . . . ) detected in the emulsion chamber, if the
target layer is equipped together. Although the discrim-
ination between Ã and ~+ (K~ in hadronic components is
difficult, we can distinguish those of o. and/or heavier
(fragmented) nuclei from them (N, rr ,K)—with the use of
low-sensitivity nuclear emulsion as well as a high-
sensitivity plastic track detector such as CR39. So in this
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FIG. 17. Correlation between +Eh„„dl, and E3 for iron, silicon, and carbon primaries at 20 and 50 g/cm'.
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section we demonstrate the Aux values of the above-
mentioned components in the case of 10 -m h exposure,
on the basis of the primary cosmic-ray Aux extrapolated
from JACEE data available at the energy region —100
CxeV/nucleus and 10 TeV/nucleus.
Since hadronic components are detected usually in the
form of jets occurring at the target layer (called producer
jet) or sometimes at the lead plate in the calorimeter
(called a Pb jet), the effective thickness of the chamber,
T,ff, must be set in order to estimate the flux value of ha-
dronic components. In addition, we have to also set the
effective area of the chamber, S,ff, because distant constit-
uent particles (y, e, w —,. . . ) in the air family are not
detected in practice. We put here T,ff ——2/3 mean free
path for the nucleon interaction, and S,tr ——(l m)X(l m).
The position of the family center is of course sampled ran-
domly in the area S,ff.
In the following, the observed energy of hadron jets
means those converted into y rays (vr 's) emitted by their
local nuclear interaction inside the chamber, which are
recorded on high-sensitivity x-ray film as the dark spot,
detectable by the naked eye for E,b, ~ 1 TeV.
No. (E,b, a 20TeV)
A. Number of' high-energy yrays (y, e )
and hadron jets (m.+,E,W, a, . . . )
In Fig. 18 we present an altitude variation of the ex-
pected number of y rays (dashed curves) and hadron jets
(solid curves) with an observed energy larger than 20 TeV,
where contributions from various primary components as
well as total fluxes are shown separately. One sees that
most y rays are coming from the proton primary, and the
contribution of y s originated in the primaries other than
proton is of the magnitude 10—20 go. On the other hand,
it amounts to 50—60% in the case of the hadron jet, indi-
cating that one can deduce the ratio of proton-primary
flux to the total flux by comparing the above two.
B. Number of large air families
Here, we consider somewhat large air families with an
observed multiplicity N, b, —Xz, +N,„greater than 20,
where the minimum detection energy of each constituent
is fixed at 1 TeV. As shown in Fig. 19, one recognizes
that most air families are coming from heavy primaries at
the stratosphere level higher than —50 g/cm, and the
contributions from protons and a's are of a magnitude
less than 25%%uo. To see the situation more clearly, let us
show the contamination rate of families due to protons
Expected Family Flux
103 No pr t mary:
total
pr i mary:
10'
102
Mg, Sl
CNO
101
--) Fe
0
I I I
SO 100 150
depth (g/cm2)
I
200
100
0
I
50
I I
100 150 200
depth (g/cm )
FICs. 18. Altitude variation of hadron-jet (solid curves) and
y-ray (dashed curves) fluxes with energy &20 TeV. Thick solid
and dashed curves correspond to total Auxes superposing all
kinds of primaries.
FIG. 19. Altitude variation of family flux with observed mul-
tiplicity N, b, )20, where the energy of each constituent particle
is larger than 1 TeV. A thick solid curve correspond to the total
flux superposing all kinds of primaries.
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100, & Expected Flux of H-jet Bundle
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FIG. 20. Contamination rate of families coming from proton
and a primaries. The selection criterion for a family is the same
as Fig. 19.
and e's as fraction of the families from all primaries in
Fig. 20. One finds that the contribution from the proton
flux to the total flux is of the magnitude —a few %%uo and
is less than —10%%uo even in the case of a primary at t 520
g/cm .
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'~ total
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C. Number of single a jets and a-jet bundles
In Fig. 21 we present the expected number of single a
jets with an observed energy larger than 1 TeV for various
FIG. 22. Altitude variation of a-jet bundles with multiplici-
ties N & 2 (solid curves) and .V & 3 (dashed curves). Thick
solid and dashed curves correspond to the total cruxes superpos-
ing all kinds of primaries.
10'
104
103
Expected ~- jet Flux
ri mary:
primaries. One finds that most of the cx jets are coming
directly from a primary without collision in the atmo-
sphere, and those from heavy primaries are negligibly
small, —a few %%uo at t 50 g/cm .
In Fig. 22 we demonstrate the expected number of a-jet
bundles with an observed energy larger than 1 TeV,
where two cases of a-jet multiplicity X are shown for
three groups of heavy primaries, the one with X ) 2
(solid curves) and the other with % ) 3 (dashed curves).
One should remark particularly that the most eScient al-
titude for the detection of a-jet bundles lies around 20—50
g/cm .
V. DISCUSSION
10'
Fe
10' I
50
I I
100 150
I
200
depth (g/cm2)
FIG. 21. Altitude variation of single a-jet Aux for four pri-
maries, a, CNO, Mg-Si group, and Fe group, with observed en-
ergy ) 1 TeV.
The method, proposed here, of cosmic-ray observation
at —10 g/cm level is, so to speak a "quasidirect" one, in-
stead of a purely direct one, made at —a few g/cm . The
precision of the atomic number determination in the
direct observations (AZ —+1) is naturally much better
than that in our quasidirect one. On the other hand, the
former has the disadvantage that the separation between
the secondary tracks would become impossible for the en-
ergies ~ 100 TeV/nucleus.
Another point we should keep in mind is the payload
problem. Namely, as is well known, we have the follow-
ing relation among the balloon volume V, payload (the
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balloon itself and all of the other materials hanging under
it) W, and the Aight level t:
t (mb) =800 X W (kg)
V (m') (28)
showing that, for the same payloads, balloons with one-
order-smaller volumes will do better for flights at t —10
g/cm, than those needed for flights at t -a few g/cm, or
that, for the same volumes of balloons, we can launch
one-order-heavier chambers for the former flights than for
the latter. These experimental conditions will assure
much better statistics in an experiment at the level pro-
posed here than at the top of atmosphere.
In Sec. IV we summarized the flux values of various
observable components on the basis of the primary spec-
trum extrapolated from JACEE data. If the proton spec-
trum falls off' sharply, as the data of Grigorov et al. " sug-
gest, and/or if the relative abundance of the iron com-
ponent actually increases with energy, as indirect data
suggest, the flux values estimated therein will of course be
changed, so that one should regard the results shown in
Sec. IV merely as pilot ones.
It is remarkable that almost none of the large air fami-
lies initiated by protons and o. s are observed at t ~20
g/cm, most of them arriving directly at the detector. On
the other hand, heavier primaries, particularly most of the
iron component (X;„,„—14 g/cm in air), will be detected
in the form of an air family containing frequent a bundles
as well as survival nuclear fragments in the central region.
From the viewpoint of nucleus-nucleus interactions, it
is quite important to get the fragment height, which
makes it possible to obtain the rapidity, transverse
momentum, and other physical quantities essential for the
studies of "exotic" matter formation. Since each secon-
dary is scanned without bias within the spread 100
pm —10 cm, the range of emission angles covers 3 orders
of magnitude, wide enough for fireball analysis.
Simultaneous measurement of y rays and charged
secondaries makes possible an estimate of k~ and k„.h, as
well as the ratio of wounded nucleons to spectator nu-
cleons, which will give us critical information on the
mechanism of ultrahigh-energy nuclear collision and the
nature of the "exotic" fireball. According to the Con-
corde experiment, ' though preliminary, they found a col-
limated nucleon-jet bundle containing an a-like jet in the
cone.
So, if several long-duration balloon experiments, such
as scheduled in the southern hemisphere by the JACEE
group, are realized annually, it will be possible in the near
future to attain the statistics shown in Sec. IV. In addi-
tion to such experiments, it also seems quite efficient and
fruitful for the observation of a jets (bundles) to perform
the experiments at airplane altitudes, 100—200 g/cm,
though the quality of the air family accompanying nuclear
fragments is somewhat poor in comparison with those ob-
tained at —10 g/cm . So, it is quite important to expand
the scale of the Concord experiment by, say, —800
m h/yr, as proposed by the France- Japan airplane
group. '
Considering the fact that super machines such as the
Tevatron and CERN ' 0 beam will soon produce abun-
dant data, some of the ambiguities inherent in the present
calculations will be eliminated. So, we can be quite sure
that the observation of air families containing nucleus
fragments brings us new information for both nucleus-
nucleus interaction study and primary chemical composi-
tion study in the energy region 10' —10' eV/nucleus.
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APPENDIX A: DERIVATION OF A SAMPLING
FUNCTION FOR SINGLE INCLUSIVE
SPECTRUM
Let us introduce the variables
x1+X1=XP x2+X2 =X] . . . x +X =X
with X„=O, (A 1)
where one should remark that the new variables X;
(i = 1,2, . . . , n ) automatically satisfy the energy conser-
vation Eq. (17) in text. Now, we consider the sampling of
L; instead of x;, and assume the following type of sam-
pling function:
G (X; i,x; )dX; =G(X;/X; i )dX;/X; (A2)
x:
We define further an inclusive distribution function on
+(x)= f E, 2mprdpr,1 do.
~inel 0 d p
(A3)
which is obtained numerically from Eq. (10) in the text.
Now, the distribution function 4&(x) is related kinemati-
cally to the sampling function G(X), the inelasticity distri-
bution r)(xp), and the multiplicity distribution P(&, n) in
the following way:
1
oo
e(x)= f dxpg(xp) g P(&(xp), )Qn„(xp, ),x0
n =1
n n —1
n„(X„x)= y f" ' f S(x+X —X,) g G(X;/X;, )dX;/X;, with A, (x,x)=5(x —X ) .
m =1
(A4)
(AS)
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Let us apply the Mellin transformation for Eq. (A4) from x to u. Rewriting a relation after simple calculation,
f x "A„(x,x)dx= ((1—X)") + (X")" ' X,",1 —(X")"-'1 —X"
(x")= f x"G(x)dx, ((1—X)")= f (1 —X)"G(x)dx,p p
and summing up over n, we have, finally,
Mq, (u) = [[1—g(u)]/:"(u)+g'(u) I (xo ) .
Here, we introduce the functions
Mq, (u)= f"x "@(x)dx,
p
(Xo ) = f X at)(xo )dxop
(A6)
(A7a)
(A7b)
APPENDIX B: MULTIPLE COULOMB
SCATTERING IN THE ISOTHERMAL
ATMOSPHERE
Taking account of the inhomogeneous atmosphere [see
Eq. (19)], we have the transport equation
aq ho 8 + f [tt(0 —0') —g(8)]cr(8')d8' . (Bl)dt t Br
Here cr(8) is the Rutherford cross section. Applying the
Fourier transformation from r and 0 to P and Q, respec-
tively, we get, under the Fokker-Plank approximation,
g(u) = ((1—X)")/(1 —(X")), (A7c) 1 E.'
t)Q 4 E2
—hoP F:— tpe g F (B2)
:-(u)=[1+(n —1)(1—(X"))/k] (A7d)
From Eq. (A7a), Mq, (0) and Mq, (1) must be identical
with the average multiplicity n and average inelasticity
(Xo), respectively. One sees that Eq. (A6) indeed assures
such relations.
Now, we come to the determination of the sampling
function G(X). Remembering that the inclusive distribu-
tion function is expressed as —(1 —x), it is reasonable to
assume that G (X) is of P-function type; i.e.,
F(P,Q)= exp[ ——,'(aQ +2bhoP Q+cho P )],4~
(B3)
where
2Esa=8, =—,(t, t), —E2 (84a)
Here F is the Fourier transform of tt and r= ln(to/t).
The solution of Eq. (B2) is easily obtained as
G(X)= P+q X~-'(1 —X)&-'r
&(p)1 (q) (A8) lntp/tI =e,.' 1—
tp/t —1 (B4b)
The parameters p and q should be determined by least-
squares fitting with experimental data for u =0—5 in Eq.
(A6), and we get
lntp /t
c =6, ' 2 —(2+ lnt, /t )
tp/t —1 (B4c)
p =3.8, q =1.211 . (A9)
After applying the inverse Fourier transformation for P
and Q to r and 8, we obtain Eq. (20).
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